ABSTRACT: Many productive ocean ecosystems are also highly variable, resulting in complex trophic interactions. We analyzed interannual patterns in the diet of a seabird, the common murre Uria aalge, in a region of high oceanographic productivity, the northern California Current, to investigate how these top predators adjust their chick provisioning to cope with environmental variability. Murres relied chiefly on Pacific herring Clupea harengus pallasi and surf smelt Hypomesus pretiosus to provision chicks, although they regularly returned 8 other fish taxa. Provisioning success was measured by the energy return rate to chicks, which in turn was disarticulated into energy per meal (quality) and meal delivery rate (quantity). Parents exhibited 'compensation' during 2 years in which smaller, low quality prey were returned more quickly than in years with normal (i.e. 'good') provisioning. Despite the increased delivery rate, energy return rates were still lower in 'compensation' vs. 'good' years. The lowest energy return rates occurred in 3 'poor' years, during which ocean productivity was also depressed. Our results suggest that murres in this system have the ability to shift provisioning strategies to deal with some variability in prey resources, but not when limited by exceptionally poor environmental conditions.
INTRODUCTION
In the California Current System, changes in the strength and timing of upwelling create order-ofmagnitude changes in primary productivity (Hickey 1998 , McGowan et al. 1998 ) that in turn impact zooplankton (Mackas et al. 2004 (Mackas et al. , 2007 and fish (Brodeur et al. 2005 , Ware & Thomson 2005 communities. Such dramatic bottom-up shifts in prey resources can impact the foraging behavior and breeding success of long-lived, higher trophic level predators such as marine mammals (Boyd et al. 1994 , Skern-Mauritzen et al. 2009 ) and seabirds (Ainley et al. 1996 , Sydeman et al. 2006 , Ronconi & Burger 2008 . By definition, long-lived top predators must be able to cope with changes in prey resources as a consequence of bottom-up forcing, with either individual or population level adaptability (Lack 1968 , Ashmole 1971 . Understanding the nuances of this adaptability, particularly when it is short-term and/or behavioral in nature, allows scientists and managers to better describe ecosystem interactions. Cairns (1987) suggested that seabird population dynamics should exhibit nonlinear relationships with changes in prey availability, where vital rates (e.g. reproductive output, survivorship) should be sensitive to small shifts when prey are scarce, and behavioral rates (e.g. foraging effort) should change when prey are more abundant. In testing Cairns' predictions, Harding et al. (2007) and Piatt et al. (2007) showed that in some cases feeding rates or time spent foraging did exhibit non-linear relationships with prey availability, suggesting that some measures of foraging behavior reflect environmental quality and, by extension, the degree of bottom-up forcing. Prey availability, considered broadly, is a suite of interacting variables collectively shifting the prey landscape that seabirds face. The abundance and quality (i.e. size and energy density) of different species all contribute to the availability of suitable prey. Studies in which shifts in the relative abundance of different prey taxa result in shifts in seabird nestling diet are common (e.g. Bryant et al. 1999 , Gaston et al. 2003 , Miller & Sydeman 2004 , Hipfner 2009 ), but studies that focus on prey quality are less common. One exception is a study by Davoren & Montevecchi (2003) , who reported that an increase in the proportion of immature, and therefore smaller, capelin Mallotus villosus negatively affected the condition of common murre Uria aalge chicks in Newfoundland. More subtly, Wanless et al. (2005) found that significant interannual changes in the energy density of individual size-corrected prey (North Sea sandeels Ammodytes marinus) resulted in reduced chick growth and survival among common murres.
Some seabird species utilize different foraging strategies to compensate for prey variability. Compensation can take a variety of forms, such as a bimodal foraging strategy (Chaurand & Weimerskirch 1994 , Weimerskirch et al. 2003 , Welcker et al. 2009a ), individual differences in foraging habitats (Elliott et al. 2008b (Elliott et al. , 2009 , or simply an increase in trip duration and/or foraging distance (Suryan et al. 2002 , Burke & Montevecchi 2009 , Pichegru et al. 2010 . In some cases adults expend more energy to increase feeding rates and/or take higher quality prey (Jodice et al. 2006 , Deagle et al. 2008 , Welcker et al. 2009b ; but see Welcker et al. 2010) . To successfully fledge chicks, any seabird must ultimately maintain a minimum rate of energy (calories from food) delivery to the colony. From the offspring's perspective, therefore, energy delivery rate can be treated as a provisioning currency, and this has been used to measure the net result of provisioning (Lewis et al. 2003 , Weimerskirch et al. 2003 , Jodice et al. 2006 . Energy return rate to chicks can be disarticulated into 2 variables: (1) energy per meal, reflecting the type and quality of prey, and (2) meal delivery rate, relating both the quantity of prey delivered and the time invested in provisioning.
This study used the relationship between chick energy per meal and meal delivery rate to explore whether adult seabirds exhibited different provisioning strategies to maximize chick energy return rate. We hypothesized that a trade-off between energy per meal and meal delivery rate would be present during periods when energy delivery rate was high. Suryan et al. (2002) suggested that in seabirds, a threshold would separate conditions in which adults could adjust provisioning behavior from conditions in which environmental variability limited their ability to do so. During years with poor environmental conditions, we expected to see a decrease in chick energy delivery rate.
To test these hypotheses we used a 14 yr chick diet data set from common murres Uria aalge (hereafter: murres) nesting on Tatoosh Island, Washington State, USA (48°23.5' N, 124°44.2' W), a collection of rocky islets (total land area about 6 ha; Paine et al. 1990 ) approximately 0.6 km off the tip of the Olympic Peninsula (Zador et al. 2009 ). The island sits at the mouth of the Strait of Juan de Fuca, a region with a complex prey field (Brodeur et al. 2005 , Emmett et al. 2006 ) and high variability in ocean productivity (Hickey 1998 , Hickey & Banas 2003 . Although common murres in other systems appear to rely primarily on single (Davoren & Montevecchi 2003) or dual (Miller & Sydeman 2004 , Wanless et al. 2005 ) prey species, in the northern California Current murres are catholic foragers, regularly returning several prey species to their chicks (Parrish & Zador 2003) . This system provided adult murres ample opportunities for utilizing different provisioning strategies under a range of environmental conditions.
MATERIALS AND METHODS

Data collection
Breeding murres nest in several isolated subcolonies on Tatoosh Island, 2 of which were observed during short (approximately 3 to 10 d) sampling trips throughout the breeding season (late May through early September) from 1996 to 2006 and in 2009. Disturbances by bald eagles Haliaeetus leucocephalus caused complete breeding failure at egg laying in 2008 (J. K. Parrish unpubl. data) , which precluded the observation of chick provisioning. Observations of murres were made from blinds immediately adjacent to nesting birds. All of the reproductive pairs in plots (approximately 4 to 6 m 2 ) surrounding the blinds were mapped at the beginning of each season.
Prey fed to chicks were observed in hour-long 'fishwatches', spaced throughout the daylight hours in 5 standardized time slots, beginning at 06:00, 09:00, 12:00, 15:00, and 18:00 h, and sampled evenly across each trip and the season as a whole. During a fishwatch, every prey item brought back to a chick in the fish-watch plot was logged to the minute. Provisioning rate (number of fish chick −1 h −1 ) and energy return rate (KJ chick −1 h −1
) were calculated as watchspecific averages across all chicks within the plot, and varied as a function of time-of-day, season, year, and chick age. Potential biases in annual averages from time-of-day and seasonal differences were minimized to the extent possible by the uniform sampling distribution. This plot-based method provided a 'big-picture' view of murre provisioning, instead of the individual-based approach used in many other studies (e.g. Wanless et al. 2005 , Hipfner et al. 2006 . One benefit to this approach is that it includes multiple returns from many pairs, helping to mitigate the confounding effects of sex (Thaxter et al. 2009 ) and individual specialization (Elliott et al. 2009 ).
Fish were identified to the lowest possible taxon, usually species. There were several multiple-species categories; however, only 4 such groups comprised an appreciable (i.e. >1%) proportion of the total diet (see Supplement S4 at www.int-res.com/articles/suppl/ m460p247_supp.xls): cod (Gadidae), Pa cific salmon (Salmonidae), lanternfish (Mycto phidae), and rockfish Sebastes spp. Based on clearly seen fish returned by the murres, fish samples from concurrent rhino ceros auklet Cerorhinca mono cerata diet studies on Tatoosh, and trawl surveys (J. K. Parrish unpubl. data were usually identifiable to species, but were occasionally only seen well enough for identification to group, and were therefore placed in nested categories. When observers could not identify a fish to group, usually because it was not seen well, it was labeled as 'unidentified' (5.5% of all samples, and never more than 8.4% in any single year; see Supplement S4 for more details). Unidentified fish may have been rare fish species, but more likely they represented a variety of species common in the diet that were simply obscured from view. Fish in the unknown, smelt, and clupeoid categories were dropped for the principal component analysis (PCA), because they represent nested categories of other species already in the analysis. They were included in the calculation of total energy per fish and provisioning rate, however.
Fish length (total length: from snout to end of tail) was estimated by comparing the length of the fish to the length of the murre's bill, from gape to rostrum (72 mm), assuming the nose of the fish was approximately at the gape (Parrish & Zador 2003) . Fish were estimated to the nearest quarter bill length, because of the subjective nature of this estimation procedure. It is possible that fish lengths were underestimated with this method, as found by Elliott et al. (2008a) . If present, this bias would have no effect on the timeseries analyses presented in the present study, but would need to be considered when compared with results from other studies.
A total of 16 observers collected data over the course of the study. New observers were trained in situ in fish identification by collecting data with an experienced observer, comparing each identification after the fact. Once disagreements dropped below 5%, novice observers were allowed to collect data independently. Three out of 12 yr exhibited small, but statistically significant differences in the mean length of fish recorded by different individual ob ser vers (1999, 2000, and 2003 ; ANOVA: p 1999 = 0.038, p 2000 < 0.001, p 2003 < 0.001). In such cases, removing all records from the observer in question for that year resulted in less than a 5% change in the annual mean fish length, so observer bias was considered negligible and data from all observers were left in the analysis.
Calculation of total energy
Energy content of each fish was calculated from species-specific energy density and the estimated weight of the fish. Fish length was converted to wet weight using allometric relationships established from fish in hand (using linear regressions of logtransformed values; α < 0.05; see Supplement S1) and/or literature values (Haynes & Wigley 1969 , Froese & Pauly 2010 , and total energy was calculated by multiplying wet weight by a single estimate of energy density for each taxonomic group. Energy densities were either determined by bomb calorimetry (Parr 1425 semimicro calorimeter) or obtained from literature sources (Haynes & Wigley 1969 , Van Pelt et al. 1997 , Anthony et al. 2000 , Hunt et al. 2005 , Froese & Pauly 2010 ; see Supplements S1, S2 & S3 for the list of sources and parameters for each species). Fish pro-cessed for calorimetric analysis were first oven-dried at 70°C until weight remained constant. Dried samples were individually homogenized with a mortar and pestle, and 3 pellets of the resulting fish meal were bombed to calculate an average energy density for each sample.
Energy density of surf smelt Hypomesus pretiosus and Pacific sandlance Ammodytes hexapterus increa sed linearly with length (surf smelt: r 2 = 0.620, p < 0.001; sandlance: r 2 = 0.667, p < 0.001). Both Pacific herring Clupea harengus pallasi and northern anchovy Engraulis mordax showed step-wise length vs. energy density patterns, with the step at lengths corresponding to the age-0 to age-1 transition described in the literature (herring: 120 mm SL , Foy & Paul 1999 ; anchovy: 95 mm SL , Hart 1973 , Litz et al. 2008 . Above the transition, both species had a much higher and more variable energy density that was not related to length (herring: r 2 = 0.00, p = 0.907; anchovy: r 2 = 0.00, p = 0.988); below the transition, the relationship between length and energy density was linear and significant for herring (r 2 = 0.88, p < 0.001), and relatively more noisy for anchovy (r 2 = 0.30, p = 0.158) probably due to low sample size (N = 8). Tirelli et al. (2006) found a similar relationship between length and energy density for European anchovy E. encrasicolus with a similar stepwise increase in variability (corresponding to the transition into breeding-age fish). We therefore used the age-class transitions from the literature to separate herring and anchovy into age-0 and age-1+ categories for estimation of energy density.
Species composition analysis
For comparison of taxonomic composition, a species (or species group) was considered a major component of the diet if it made up at least 5% of the total diet in any single year. To examine interannual similarities in dietary diversity, we used a PCA on fish abundances, which were first standardized 'by the norm', following McCune & Grace (2002) . We minimized the potential confounding effect of group heterogeneity by pooling all non-major prey categories into a single 'other' category (McCune & Grace 2002) .
Confounding effect of young chicks
Considering chick age was necessary, due to the potential for adult seabirds to adjust prey size based on the different food requirements of chicks of different sizes (Bertram et al. 1996 , Suryan et al. 2002 , Paiva et al. 2006 . To that end, hatch date was recorded for each chick when possible. For chicks that hatched during periods when researchers were not on the island, hatch date was estimated by forward calculation from the lay date (average incubation period on Tatoosh is 32 d; J. K. Parrish unpubl. data). When lay date was also unobserved, the most likely hatch date was estimated from among the range of missing observations, taking into consideration the chick's stage of development when first observed. Due to uncertainty in this method, chick age was binned by week.
Chicks within a week of hatching were fed smaller fish on average than all other 1 wk age classes in all years (ANOVA: F 3, 9702 = 89.8, p < 0.001; Tukey's HSD post hoc test: p < 0.001 for each pairwise comparison: chicks aged 1 wk vs. 2, 3, and 4 wk). Because fishwatches had variable numbers of young (<1 wk) chicks, all young chicks were removed from the calculation of prey size, provisioning rate, energy per meal, and energy return rate. Returns to chicks of both age groups were included in the analysis of interannual prey taxonomic composition.
Physical forcing
Due to the complex nature of the environment around the colony (Hickey 1998 , Hickey & Banas 2003 , we expected that variation in murre diet might reflect physical forcing across a gradient of time and space (Parrish & Zador 2003) . Therefore, oceanographic indices were collected that were known to be correlated with primary productivity from local to basin-wide spatial scales and from seasonal to annual temporal scales. Several indices were averaged across 2 seasonal periods each year: spring (March to May) and summer (June to August). This measure of spring captures the time period when seasonal upwelling begins in the Pacific Northwest (Holt & Mantua 2009) , and is also the period when adult murres are returning to breeding colonies in Washington (Zador et al. 2009 ). The summer period captures the entirety of the murre breeding period on Tatoosh (Zador et al. 2009 ).
Monthly mean sea surface temperature (SST) was obtained from the Amphitrite Point (48°55.2' N, 125°32.7' W) lighthouse data series (Department of Fisheries and Oceans, Canada: www.pac.dfo-mpo. gc.ca). Monthly anomalies of the Coastal Upwelling Index (UI) at 48°N, 125°W were obtained from the Pacific Fisheries Environmental Laboratory (www. pfeg.noaa.gov). Both SST and UI were averaged into spring and summer bins.
To measure the onset of coastal upwelling, spring transition dates were calculated as the date when the daily upwelling indices and daily sea level residuals, low pass filtered with a stop frequency of 1/(10 days), transitioned from negative to positive (values from E. A. Logerwell pers. comm. 2010, but see Logerwell et al. (2003) for details on methods). Holt & Mantua 2009 showed that this method consistently provided a reliable indicator of the spring transition in the northern California Current.
Basin-wide physical forcing conditions were characterized by the Multivariate El Niño Index (MEI) and the Pacific Decadal Oscillation (PDO). Monthly MEI data were obtained from the National Oceanic and Atmospheric Administration's Earth System Research Laboratory (www.esrl.noaa.gov). Index values from September through August were averaged to create an MEI index that reflected the entire range of conditions experienced by adult murres from the end of a breeding season through the completion of the next. Monthly PDO data were obtained from the University of Washington's Joint Institute for the Study of the Atmosphere and Ocean (jisao.washington.edu/pdo/). We followed Mantua et al. (1997) in using cold season (November to March) values of the PDO, for consistency in the description of the interdecadal fluctuations in the index.
All indices were normalized using the mean and standard deviation of the study period (1996 to 2009). The signs (+ or −) of each index were standardized, so that the direction associated with conditions favorable to ocean productivity was always the same. This ensured that the indices could be interpreted together. All indices were then combined with a PCA to create summary variables that captured the overall annual environmental conditions.
Statistical analyses
For all variables summarized at the level of fishwatch, only watches with a minimum of 10 chicks were included, to ensure an adequate sample size. All statistical analyses were completed using either R, version 2.10.1 (R Development Core Team 2005) or Microsoft Excel ® 2007. PCAs of prey composition and environmental variables were completed using the R package 'vegan' (Oksanen et al. 2010) . Where necessary, data were square-root transformed to eliminate bias on annual means. We used Student's t-tests and analysis of variance (ANOVA) to categorize annual foraging strategies based on provisioning rate, energy per fish and energy return rate to chicks. Principal components of prey composition were compared to measures of diet using linear regression. Multivariate analysis of variance (MANOVA) was used to compare foraging categories within the context of principal components of environmental indices.
RESULTS
From 1996 through 2009, 1178 fish-watches were conducted, during which a total of 1259 pairs returned 10 493 prey items representing 29 taxonomic categories (see Supplement S4) to chicks of all ages. Sampling effort was variable across years, with minimums of 61 h (in 2006), and 358 identified fish (in 1996). As only 0.51% of the prey items returned in all years were non-fish taxa (crustaceans or cephalopods), prey items are hereafter referred to as 'fish'.
Pacific herring was the most abundant species overall (35% of the diet), ranging between 17 and 66% by number annually (Fig. 1) , and the only taxon achieving 'major' (> 5%) status in all years. Surf smelt (25% of the total diet) was almost as dominant as herring early in the time series, but was scarce (< 5%) after 2005 (Fig. 1) . Despite the relative dominance of herring and surf smelt, prey diversity was high. Eight other fish taxa composed > 5% of the diet in at least 1 yr (Fig. 1) . Among these secondary prey species, Pacific sandlance Ammodytes hexapterus and eulachon Thaleichthys pacificus together comprised a considerable percentage of the diet especially early in the series. However, sandlance essentially disappeared from the diet after 2002 (Fig. 1) (Fig. 1) . Other major species groups, including all 4 multi-species categories, only reached 5% of the diet in a few years (Fig. 1) , and never approached dominance.
The PCA of species composition resulted in 3 leading principal components (PC1, 2, and 3) of variability that together explained 85.3% of the variation. PC1 (44.5% of total variation) primarily highlighted the appearance of whitebait smelt in 2009, contrasting it with all other years, in which surf smelt was the predominant smelt species returned. Beyond highlighting the uniqueness of this single year, however, this axis did not provide considerable information about larger patterns. PC2 (29.2% of total variation) differentiated years in which Pacific herring was dominant (e.g. 1999, 2004, 2006) vs. relatively minimal (e.g. 2003, 2005, 2009) , and suggests a replacement by smelt (either surf or whitebait) in the latter condition. PC3 (11.6% of total variation) resolved patterns in some of the less prominent diet groups, particularly differentiating reliance on anchovy, lanternfish, and rockfish (e.g. 2002, 2004 to 2006) from reliance on eulachon and sandlance (e.g. 1996, 1999, and 2003) . Much of the variation in diet composition can therefore be explained by the relative presence of Pacific herring and various smelt species. Biplots and complete loadings for all years and species are included in Supplement S6.
The quality (i.e. total energy content) of a chick meal depended largely on the size range over which common species were returned (Fig. 2) . Murres returned Pacific herring over a wider length range than any other prey category (Fig. 2, Line a) , and large herring were the highest energy content meals that murre chicks received. By contrast, small herring provided relatively less energy than most other fish of comparable sizes, especially lanternfish and rockfish (Fig. 2 , Lines f and g, respectively), which were only returned at small sizes, but were very energy rich. Eulachon had the highest energy content of all commonly returned species between approximately 100 and 130 mm total length (Fig. 2 , Line c).
Annual averages of energy (KJ) per fish varied dramatically between years with a 6 yr run (1999 to 2004) of higher than average quality (although not always significantly so; Table 1 ) flanked by years of average or below average quality ( Fig. 3A; ; Fig. 3B ), these variables were used to categorize years from a chick's perspective. Years with lower than average energy return rate (1997, 1998, and 2005) were termed 'poor', and those with higher than average energy return rate (2000 (Family: Gadidae) through 2004) were termed 'good'. Years with moderate energy return rate resulting from below average prey quality but above average provisioning rate (2006 and 2009) were termed 'compensation', suggesting a shift in strategy by adults. This provisioning strategy resulted in a small decrease in energy return rates, but was clearly better from a chick's perspective than 'poor' years ( Fig. 3B) . The remaining years in the data series (1996 and 1999) displayed average energy return rates, but no clearly dichotomous signal in prey quality and provisioning rate, and were therefore considered transitional. Across all years, low average energy per fish was closely correlated with smaller average fish lengths (Pearson's r = 0.943, df = 10, p < 0.001), but the effect of smaller fish was most pronounced during years in the 'compensation' category (2006 and Table 1 . Uria aalge. Comparison of energy return rate, energy per fish and provisioning rate between each year and the average value for all years of the study, with Student's t-test statistics, associated p-values (bold indicates statistical significance, p < 0.05), and directions of the relationship. The sample size (n) of fish-watches was constrained in each year to those for which there were ≥10 chicks older than 1 wk present on the plot 0.092, df = 10, p = 0.777). Interannual patterns in provisioning rate (fish chick −1 h −1
) were also not correlated with prey diversity (PC2: Pearson's r = 0.068, df = 10, p = 0.835; PC3: Pearson's r = −0.221, df = 10, p = 0.490).
The 3 leading principal components from the PCA of environmental indices cumulatively described 85.4% of the variation (see Supplement S7 for biplots and PC scores for all years and variables). Unsurprisingly, PC1 (47.8% of the variation) primarily described years as generally favorable (cool, early spring transition, strong upwelling) or unfavorable (warm, late spring transition, weak upwelling). The contribution of local vs. basin-wide scale forcing was captured by PC2 (19.4% of the variation), while differences in spring vs. summer forcing were captured by PC3 (18.2% of the variation). Years were grouped using the categories (poor, good, and compensation) identified from the murre chick diet analysis, and compared in the context of each component of oceanographic forcing (Fig. 4) . None of the diet categories showed significantly different average component scores (MANOVA: Wilks' λ = 0.396, F 6,10 = 0.981, p = 0.485); however, the ocean conditions as indicated by PC1 were generally unfavorable during 'poor' diet years (Fig. 4) . ); both calculated from returns to chicks older than 1 wk. All 3 variables have been square-root transformed and then normalized using the mean and standard deviation across all years. Error bars are 1 SE, also normalized by dividing by the standard deviation across all years. Years are grouped by diet categories: poor, good, and compensation; with the 2 transition years that could not be conclusively categorized depicted as well 
DISCUSSION
This study provides evidence that in a prey species-rich system, common murres can adopt different provisioning strategies depending on the nature of the available prey. Disarticulating annual energy return rate to chicks into measures of meal quality (energy per fish) and meal quantity (delivery rate: fish chick −1 h −1
), allowed us to distinguish periods when foraging was regulated by either parental behavior and/or environmental limitation. Specifically, we found a period during which adult murres used a strategy that compensated for low quality prey by increasing delivery rate, contrasted against years in which low provisioning rate and low meal quality resulted in low energy return rates.
Tatoosh Island murres significantly increased provisioning rates in 2006 and 2009 when prey quality (energy per meal) was low (Fig. 3) due to the small size of Pacific herring and whitebait smelt, respectively. Davoren & Montevecchi (2003) reported a decline in murre prey quality as a consequence of the decline in the size of locally available capelin. Other studies found that adult murres spent less time coattending their chicks, and therefore more time foraging, when prey quantity (Burger & Piatt 1990 , Zador & Piatt 1999 or quality (Wanless et al. 2005 ) was low. Chinstrap penguins Pygoscelis antarctica made deeper foraging dives to shift from targeting krill Euphausia superba to fish when the size of krill decreased (Miller & Trivelpiece 2008) . Kitaysky et al. (2000) demonstrated that foraging effort (i.e. field metabolic rate) can be higher when food availability declines for some seabird species, but not others. Without data on adult energy expenditure, we cannot say with certainty that foraging effort among Tatoosh murres during 2006 and 2009 was higher than in other years. However, energy return rates were lower in these years than in 'good' years ( Fig. 3B) , suggesting that murres reached limits in their ability to effectively provision chicks with this strategy. A likely, albeit speculative, cause for this limitation is that their ability to find larger, more suitable prey was reduced.
An alternative possibility for the quick return of small fish during 'compensation' years is that those fish were super-abundant close to the colony, making it a better strategy from an adult's perspective. Information on prey distribution around the colony is very limited, but Parrish et al. (1998) found that prior to our study period the highest prey densities were very close (< 5 km) to the island and that foraging murres concentrated in that area. Whitebait smelt have also been a major component of the forage fish community along the Washington Coast for much of our study period (Brodeur et al. 2005) . The sudden reliance on whitebait smelt in 2009, therefore, suggests that higher quality fish in the immediate area were scarce enough to warrant a shift to this lowquality species.
Changes in the species composition of chick diet can have negative consequences, for example in California, where rhinoceros auklet Cerorhinca monocerata chick growth rate was lower in years dominated by Pacific saury Cololabis saira vs. northern anchovy (Thayer & Sydeman 2007) . The replacement of a high quality prey in a system by one of lower energy content, to the detriment of predators, has been labeled the junk food hypothesis (Österblom et al. 2008) . As originally conceived, this hypothesis suggested that a community shift from high-lipid to low-lipid prey (Anderson & Piatt 1999) could result in lower body condition of offspring (Rosen & Trites 2005 ) following a shift in adult diet (Trites et al. 2007 ). Reliance on 'junk food' negatively affected common murres when anchovy replaced juvenile rockfish as the predominant prey species in the diet of Southeast Farallon Island chicks (Sydeman et al. 2001) . Even a preferred prey species could be considered 'junk food,' if it can only be found at smaller sizes (e.g. Davoren & Montevecchi 2003) or has decreased energy density (e.g. Wanless et al. 2005 ) at a given time. During 2006 and 2009 on Tatoosh, low-quality prey in the diet, coupled with the slightly lower energy return rates, suggests that reliance on 'junk food' was the best strategy available. Suryan et al. (2002) suggested that interannual variation in environmental forcing creates a threshold, above which parental behavior can flexibly accommodate shifts in the prey landscape. Fine scale adjustments of prey choice and provisioning rate in 'good' years (2000 to 2004) may be evidence of parental regulation in Tatoosh murres. These years had the highest energy return rates and were characterized by moderate meal delivery rates, in keeping with Cairns' (1987) hypothesis that when there is a sufficient quantity of high-quality prey, birds do not forage more than is necessary. Chicks can also reach physical limits in consumption rate (Harris & Wanless 1985) and the size and shape of fish they can ingest (Atwood & Kelly 1984 , Harris et al. 2007 ), leading to upper bounds on the energy per fish and provisioning rate during years with plentiful food.
Below average energy return rates occurred in years in which ocean conditions were unfavorable to productivity (Fig. 3) . The lack of any relationship to temporal or spatial scale differences in oceanographic forcing is likely due to different causes for the unfavorable conditions in these 3 years (1997, 1998, and 2005) . A strong El Niño in 1997 to 1998 resulted in high sea surface temperatures and low productivity throughout the California Current system (Lynn et al. 1998 , Chavez et al. 2002 . In 2005, an abnormally late spring transition to upwelling conditions caused severely reduced primary productivity (Barth et al. 2007) , which resulted in breeding failures in marbled murrelets Brachyramphus marmoratus in British Columbia (Ronconi & Burger 2008 ) and nest abandonment in Cassin's auklets Ptychoramphus aleuticus throughout the California Current (Sydeman et al. 2006) . We suggest that these oceanographic events may have decreased overall prey abundance in the environment around Tatoosh Island during these years. Low prey abundance, or at least a lack of high quality prey, could have resulted in decreases in provisioning rate due to increased search times (Ronconi & Burger 2008) and/or more time spent self-provisioning by the adults (Weimerskirch et al. 2003 , Welcker et al. 2009a . Universally low prey abundance would explain why a strategy of returning many small fish (i.e. 'compensation') was not available.
The 2 transitional years (1996 and 1999) immediately adjacent to the 2 poorest diet years in our study (the 1997 to 1998 El Niño) may have been the result of gradual ecosystem change. Mackas et al. (2007) found a gradual shift in the zooplankton community off Vancouver Island to 'southern' species that began in 1995 and continued through the end of the 1997 to 1998 El Niño. A similar gradual shift in the fish community began during the strong La Niña event of 1999 (Emmett et al. 2006) . Wells et al. (2008) found that the integration of several physical parameters, both atmospheric and oceanic, could be related directly and indirectly (that is, through trophic pathways) to seabird production, including murres, in the California Current System. In a study comparing oceanographic forcing to the proportion of rockfish in murre chick diets in California, Miller & Sydeman (2004) found that strong forcing events could be linked to some annual diet shifts, but the more subtle effects of PDO regime shifts were only apparent in an analysis of seasonal trends. Definite causal relationships between murre chick diet and bottom-up forcing may be apparent when smaller time and space scales are examined, such as the link between 3 to 5 d upwelling events and lanternfish appearance in Tatoosh Island murre chick diets reported by Parrish & Zador (2003) . The dramatic changes in murre diet described in our study during 2006 and 2009 suggest that murres respond to environmental changes that the tra ditional physical forcing indices are not able to distinguish.
Changes in prey are rarely the only environmental limitation that organisms face. The reproductive success of murres on Tatoosh is also forced by top-down effects from bald eagles Haliaeetus leucocephalus (Parrish et al. 2001 ) and peregrine falcons Falco peregrinus (Paine et al. 1990 ). This forcing was likely the primary cause of the breeding failures in 2007 and 2008 (J. K. Parrish unpubl. obs.), but the low quality diet in recent years raises the possibility that an interaction between top-down and bottom-up effects may make breeding difficult for these birds in the future. More local scale studies on prey abundance and distribution in specific predator habitats would be helpful in determining what kinds of changes in the prey base are occurring.
Persistent, local declines of high-energy prey may put predator populations at risk (Pichegru et al. 2010) . Both common murres and closely related thick-billed murres Uria lomvia, like many other long-lived seabirds, are highly philopatric (Ainley et al. 2002 , Steiner & Gaston 2005 , and may be reluctant to abandon a colony if conditions deteriorate. Organisms that can effectively buffer the effects of low prey quality by increasing the quantity consumed may be able to overcome the mobility limita- Variation in prey selectivity and compensatory foraging strategies have been described in seabirds at both the individual (Elliott et al. 2009 ) and colony (Miller & Trivelpiece 2008) level. Birds can also use different strategies during different stages of the chick-rearing cycle (Deagle et al. 2008) . Adaptability in foraging strategy is also evident in other marine organisms, such as sharks (Lucifora et al. 2006 , Baremore et al. 2008 ) and marine mammals (Boyd et al. 1994 , Skern-Mauritzen et al. 2009 , Arnould et al. 2011 . If diverse marine ecosystems such as the northern California Current are undergoing a gradual shift in the prey base, it will be crucial to monitor not only the population levels of predators in the system, but also the ability of predators to buffer those changes through behavioral flexibility. 
